Background The indirect effects of pneumococcal conjugate vaccines (PCVs) are mediated through reductions in carriage of vaccine serotypes. Data on PCVs in Asia and the Pacific are scarce. Fiji introduced the ten-valent PCV (PCV10) in 2012, with a schedule consisting of three priming doses at 6, 10, and 14 weeks of age and no booster dose (3 + 0 schedule) without catch-up. We investigated the effects of PCV10 introduction using cross-sectional nasopharyngeal carriage surveys.
Introduction
Streptococcus pneumoniae (the pneumococcus) is a common cause of community-acquired pneumonia and causes an estimated 826 000 annual paediatric deaths worldwide. 1 Variations in the pneumococcal capsule give rise to more than 90 different serotypes, a subset of which is covered by pneumococcal conjugate vaccines (PCVs). PCVs provide direct protection against invasive pneumococcal disease, pneumonia, and the carriage of vaccine serotypes. 2 The indirect (herd) effects of PCVs on disease are mediated by carriage, because reduced carriage of vaccine serotypes in vaccinated children limits their transmission to other age groups. 3 Pneumococcal carriage is considered a prerequisite to pneumococcal disease. 4 Therefore, infant immunisation extends protection to unvaccinated individuals and increases the cost-effectiveness of the vaccine. 5, 6 Elimination of vaccine serotypes leads to increased colonisation and subsequent disease due to non-vaccine serotypes, known as serotype replacement. 7 In some settings, serotype replacement in disease has partly eroded the public health benefit provided by PCVs. 8, 9 Pneumococcal carriage surveys can supplement disease surveillance by assessing the effects of PCV introduction on carriage. 10 Because the occurrence of invasive pneumococcal disease is rare, carriage surveys provide a practical alternative to disease surveillance in settings where little or no pre-PCV data on invasive pneumococcal disease are available. The effect of PCV on pneumococcal carriage varies by setting, probably e1376
www.thelancet.com/lancetgh Vol 6 December 2018 because of differences in pre-PCV carriage epidemiology, vaccine schedules, and coverage. 11 Few studies have been done in settings where PCV10 or PCV13 was introduced without previous use of PCV7. Studies assessing the effect of PCV10 in Kenya, Brazil, and Iceland (all settings without previous use of PCV7) found reductions in PCV10 serotype carriage among vaccine-eligible children and, where measured, reductions in carriage among older, unvaccinated age groups. [12] [13] [14] High pneumococcal density in the nasopharynx has been associated with respiratory infection and pneumonia in children and implicated in transmission in animal studies. 15, 16 Few data on the effect of PCVs on pneumococcal carriage density exist.
Because PCV10 uses Haemophilus influenzae protein D as a carrier protein, there has been speculation that this vaccine could reduce H influenzae carriage and associated disease. The effect of PCV10 on H influenzae carriage has not been clearly shown in clinical trials, and results of cross-sectional studies vary. 12, 13, 17 Support from Gavi, the Vaccine Alliance, has facilitated PCV introduction in low-income countries, although uptake has lagged in the predominantly middle-income countries in the WHO western Pacific region. 18 Fiji has a high incidence of paediatric pneumonia (607 per 100 000 children younger than 5 years) and invasive pneumo coccal disease (26·5 per 100 000 children younger than 5 years), and 44% of children aged 3-13 months carry pneumococci. [19] [20] [21] Rates of pneumococcal carriage and disease are higher in Indigenous Fijians (iTaukei) than in Fijians of Indian descent (FID). [19] [20] [21] In October, 2012, Fiji added PCV10 to their
Research in context
Evidence before this study We searched PubMed for evidence of ten-valent pneumococcal conjugate vaccine (PCV10) effect on Streptococcus pneumoniae published before Sept 1, 2017, with the following terms in combination: "PCV10", "Streptococcus pneumoniae", "pneumococc*", "carriage", "colonisation", "impact", "effect", "direct", "indirect", and "herd". We identified three population-based studies on the effect of PCV10 on carriage in settings without previous use of PCV7; two of these studies included unvaccinated age groups. One study was done in a region of Kenya where PCV10 was introduced with a 3 + 0 schedule with a catch-up campaign for children younger than 5 years, and included participants from ten age strata. A second study was from Brazil, where PCV10 was introduced by use of a 3 + 1 schedule with catch-up for children younger than 23 months, and included only children aged 12-23 months.
The third study was from Iceland, where PCV10 was introduced by use of a 2 + 1 schedule without catch up, and included children aged 1-6 years. The Kenya study reported a 64% reduction in carriage of PCV10 serotypes in children younger than 5 years and a 66% reduction in participants older than 5 years. The Brazil study found a 91% reduction in PCV10 serotype carriage in children aged 12-23 months. In Iceland, there was a 94% reduction in carriage of PCV10 serotypes in age-eligible children, and a 56% reduction in older, unvaccinated children. The Brazil and Kenya studies investigated the effect of PCV10 on Haemophilus influenzae carriage, with increased carriage reported in Brazil and reduced carriage reported in Kenya, although the authors of the Kenya study questioned whether the reduction they observed was attributable to the vaccine.
Added value of this study
We did representative population-based annual surveys investigating the effect of PCV10 introduction on pneumococcal carriage in Fiji on four age groups, providing, to our knowledge, the first published data on PCV effects in the Pacific. 3 years after PCV10 introduction, we found reductions in PCV10 serotype carriage in 12-23-month-olds, older children, and unvaccinated 5-8-week-old infants, evidence of indirect effects of PCV on carriage in young, unvaccinated infants. There was some evidence of indirect effects of PCV10 on carriage in caregivers. With sensitive and quantitative molecular methods for serotyping, we were able to investigate the effects of PCV10 introduction on circulating pneumococcal populations and on pneumococcal carriage density. We found no reduction in carriage of H influenzae in 12-23-month-old children after PCV10 introduction. We assessed the effects of PCV10 introduction for the two main ethnic groups in Fiji and found that, although PCV10 serotype carriage declined in both groups, serotype replacement occurred solely in the iTaukei population.
Implications of all the available evidence
Our study further supports the use of PCV in low-income and middle-income countries, including those in Asia and the Pacific. In addition to reducing carriage and disease caused by vaccine serotypes in vaccinated children, there is strong evidence that PCV introduction provides indirect protection. The implication of the observed effects on carriage is that PCV use could reduce pneumococcal disease in both vaccinated and unvaccinated age groups. Carriage studies are a valid and practical way to assess pneumococcal vaccine effects in settings where disease surveillance is difficult. Evidence suggests that PCV10 should not be considered a feasible strategy to reduce H influenzae carriage. Future research could examine how differences in PCV schedules, coverage, and the use of catch-up campaigns affect carriage in both vaccinated and unvaccinated age groups, to provide evidence to guide countries planning to introduce PCV. The speed and extent of serotype replacement in carriage, and the propensity for particular serotypes to increase after PCV introduction, varies by country and warrants ongoing surveillance. Future studies could assess the ability of models to predict serotype replacement in carriage with pre-PCV carriage data.
national immunisation programme with a schedule of three priming doses at 6, 10, and 14 weeks of age and no booster dose (3 + 0 schedule). We did annual crosssectional nasopharyngeal carriage surveys to investigate the effect of PCV10 introduction on pneumococcal carriage by age group, year, and ethnicity. and Valelevu Health Centre, and surrounding communities. Recruitment and carriage surveys were done in 2012-15 during July-December, in the same villages and health centres each year (appendix). Approxi mately 500 participants were enrolled each year from each of the following age groups: 5-8-week-old infants, 12-23-monthold children, 2-6-year-old children, and their caregivers. We calculated sample size on the basis of an anticipated 50% decrease in PCV10 serotype carriage prevalence from an estimated baseline prevalence of 16%, and increased size to 500 per group because the true baseline and effect sizes were unknown. Purposive quota sampling was undertaken, so that a representative sample of the Fiji population was included, with enrolment targets of 60% iTaukei and 40% FID and approximately 50% of partici pants from rural areas. Inclusion criteria were appropriate age, axillary temperature lower than 37°C, and having lived in the community for at least 3 consecutive months.
Written informed consent was obtained (from parent or guardian for paediatric participants). This study was done according to the protocol approved by the Fiji National Health Research and Ethics Review Committee (201228) and the University of Melbourne Health Sciences Human Ethics SubCommittee (1238212).
Study procedures and laboratory analyses
Study staff recorded information on demographics and potential risk factors for pneumococcal carriage on a data collection form. PCV10 status was obtained from maternal and child health cards or the child's health centre record, if the card was not available. Nasopharyngeal swabs were collected and stored according to WHO guidelines. 22 Detection of pneumococcus and H influenzae was done by real-time quantitative PCR (qPCR) targeting the lytA gene for pneumococcus and hpd gene for H influenzae. 23, 24 Molecular serotyping of pneumococci by microarray was done as previously described in the literature (more details in the appendix).
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Statistical analysis
We did statistical analyses with GraphPad Prism (version 7.03) and Stata (versions 14.2 and 15.1). The χ² test was used to compare categorical data, and the Kruskal-Wallis test to compare continuous data, unless otherwise noted. Bacterial density data were log 10 transformed and reported as log 10 genome equivalents per mL (log 10 GE per mL). Because not all density data were normally distributed, we used non-parametric analysis methods.
We assessed carriage prevalence of overall pneumo cocci, PCV10 serotypes, and non-PCV10 serotypes for each study year. We calculated prevalence ratios by comparing each post-introduction year with 2012, the pre-PCV10 introduction year. For each participant and age group, univariable log-binomial regression models were fitted to estimate unadjusted prevalence rate ratios of overall pneumococcal carriage in association with participant characteristics. With use of variables considered associated with overall carriage (p<0·1), multivariable logbinomial regression models were fitted to estimate the adjusted prevalence ratios of overall pneumococcal, PCV10 serotype, and non-PCV10 serotype carriage. The month of swab collection was also included in the adjusted models. Separate models were fitted for each age group. When log-binomial models did not converge, we used Poisson models with robust 95% CIs, with incidence ratios as a proxy for prevalence ratios. 12 The comparison of log-binomial results with Poisson results where possible confirmed the comparability. Percent reductions in PCV10 carriage were quantified as (1-adjusted prevalence ratio) × 100.
To investigate the potential effects of PCV10 introduction on pneumococcal density, we focused on the 12-23-month-old age group, because we anti cipated that any vaccine-related effects primarily would be in the PCV10 age-eligible group. We used quantile (median) regression to analyse pneumococcal density by PCV10 vaccination status for 12-23-month-old children, combining data from all 4 years. To adjust for potential confounders, a multi variable quantile regression model included variables found to be associated with density by univariable analysis (p<0·1).
Role of the funding source
Fiji Health Sector Support Programme contributed to study conception and design. The funders had no role in data collection, analysis, or interpretation, or decision to publish. EMD had full access to study data and FMR had final responsibility for the decision to submit for publication.
Results
There were 8109 participants in the surveys, with characteristics shown in table 1. The ethnic distribution of participants was similar across surveys, with minor variations in residential location. A total of 43 participant samples were excluded from analysis because of insufficient volume, sample loss, labelling errors, or other technical issues. In the 12-23 months age group, the percentage of participants who were PCV10 vacci nated increased from zero in 2012 and 11 (2%) in 2013, to 474 (95%) in 2014 and 498 (100%) in 2015. By contrast, for 2-6-year-olds, 116 (23%) participants were vaccinated in 2015 (table 1) . Figure 1 and appendix (p 3) show the carriage prevalence of overall pneumococci, PCV10 serotypes, and non-PCV10 serotypes, by age group and year. Table 2 shows the unadjusted and adjusted prevalence ratios for each post-PCV10 year compared with 2012. 3 years after PCV10 introduction, reductions in PCV10 serotype carriage were observed in the three paediatric groups (table 2). Because 116 (23%) of children aged 2-6 years were PCV10 vaccinated in 2015, we did a posthoc subanalysis including only the unvaccinated children to investigate indirect effects specifically. The adjusted prevalence ratio of PCV10 serotype carriage for these PR (95% CI) aPR* (95% CI) PR (95% CI) aPR* (95% CI) PR (95% CI) aPR* (95% CI)
All pneumococci
5-8 weeks
Non-PCV10 serotypes
*Variables were adjusted for each age group. 5-8 weeks: ethnicity, two or more children younger than 5 years in the household (multiple under-5s), symptoms of upper respiratory tract infection (URTI), poverty, method of delivery, breastfeeding status, and month of swab collection. 12-23 months: ethnicity, residential location, multiple under-5s, URTI, poverty, and month of swab collection. 2-6 years: ethnicity, residential location, multiple under-5s, exposure to household cigarette smoke, URTI, poverty, and month of swab collection. Caregivers: ethnicity, sex, multiple under-5s, URTI, poverty, and month of swab collection. †Log-binomial regression model data did not converge, so a Poisson regression model was used to estimate adjusted prevalence ratios. unvaccinated children was 0·52 (95% CI 0·37-0·75, p=0·0004). In caregivers, there were no significant changes in carriage of PCV10 serotypes. Carriage of non-PCV10 serotypes increased significantly in 5-8-week-olds and 12-23-month-olds in 2015. Pneumococcal carriage by ethnicity is shown in figure 2 (see appendix, pp 4-6, for prevalence ratios). Pneumococcal carriage was higher in iTaukei participants than in FID participants. For paediatric groups, reductions in PCV10 serotype carriage in both ethnicities were consistent with overall results. In iTaukei caregivers, PCV10 serotype carriage was lower in 2015 than in 2012 (appendix, p 4). No FID caregivers carried a PCV10 serotype in 2012, therefore prevalence ratios were not calculated. An increase in carriage prevalence of non-PCV10 serotypes in paediatric groups was observed only in iTaukei participants (figure 2).
We identified 3124 pneumococci, belonging to 54 capsular serotypes plus seven genetic variants of nonencapsulated pneumococci. 19·8% (95% CI 18·2-21·4) of pneumococcal-positive samples contained more than one serotype. The proportion of pneumococci that belonged to PCV10 serotypes declined significantly for all age groups in 2015, and for the 12-23 months and 2-6 years groups in 2013, and 2014, compared with proportions in 2012 (appendix p 7). Serotype-specific carriage preva lences for paediatric groups are shown in figure 3 and the appendix (p 10). Carriage of several PCV10 serotypes was lower in 2015 than in 2012. Serotype 19A increased in 5-8-week-olds and 12-23-montholds, and serotype 35B increased in all three paediatric groups. We did not examine serotype-specific prevalences in caregivers because of the small values in this category. Changes in the serotype distribution of the overall pneumococcal population are shown in the appendix (p 9).
Pneumococcal carriage density varied over time ( figure 4) . Density of PCV10 serotypes was lower in 2015 (median 4·29 log 10 GE per mL, IQR 3·35-5·10), than in 2012 (4·98 log 10 GE per mL, 4·23-5·67; p=0·0238 [Dunn's post-test]). There were no differences in pneumococcal carriage density between iTaukei children (median 5·05 log 10 GE per mL, IQR 4·18-5·82) and FID children (4·97 log 10 GE per mL, 4·11-5·72; p=0·531). The densities of overall pneumococci, PCV10 serotypes, and non-PCV10 serotypes were lower in PCV10-vaccinated 12-23-month-old children than in unvaccinated children of the same age group (table 3) . We found no significant differences in the density of individual serotypes.
We did not observe a significant difference in carriage prevalence of H influenzae in the 12-23 months age group between 2012 (39·6%, 95% CI 35·3-44·4) and 2015 (40·0%, 35·6-44·4; p=0·84).
Discussion
To our knowledge, this study provides the first evidence of a population effect of PCV introduction in a low-income or middle-income country in the Asia-Pacific region. We observed direct and indirect effects on pneumococcal carriage, including reduced PCV10 serotype carriage in infants too young to be vaccinated. We expect that this reduction in vaccine-type carriage will translate to reductions in pneumococcal disease, as seen in settings with robust disease surveillance. Findings from a prospective population-based study 27 in the USA showed a 39% decline in neonatal invasive pneumococcal disease and a 45% decline in invasive pneumococcal disease in the 31-60 days age group after PCV7 introduction. Surveillance data 28 from South Africa, covering pre-PCV, post-PCV7, and post-PCV13 periods showed that the incidence of invasive pneumococcal disease declined by 36% in infants younger than 10 weeks. In Israel, 29 reductions in pneumococcal otitis media were observed in infants younger than 4 months after PCV13 introduction; because this age group received one vaccine dose or none, protection would largely be indirect.
2 years after PCV10 introduction, we observed a 63% reduction in PCV10 serotype carriage in children aged 12-23 months similar to the 64% reduction in vaccine-eligible age groups observed in Kenya. 12 Reductions in carriage of PCV10 serotypes in children aged 12-23 months would be due to a combination of both direct and indirect effects.
We found no difference in carriage of H influenzae in vaccinated age groups pre-introduction and postintroduction of PCV10, consistent with the results from a clinical trial in Finland. 30 In 12-23-month-old children in Brazil, 13 carriage of non-typeable H influenzae strains (NTHi) increased after PCV10 introduction. In Kenya, 12 NTHi carriage in children younger than 5 years declined in the post-PCV10 period, but the authors did not see evidence of an effect when comparing vaccinated with unvaccinated children. Together, these results suggest that PCV10 does not reduce carriage of H influenzae.
We observed potential indirect effects in Fiji, 3 years after PCV10 introduction in young, unvaccinated infants and older children, even in the absence of a catch-up campaign or a booster dose. Most Gavi-supported coun tries use a 3 + 0 schedule for PCV, therefore our results are relevant for these settings. The degree of indirect effects is likely to be associated with the coverage achieved. 31 The results of this study are consistent with a systematic review that found that carriage of vaccine serotypes declined in nontarget age groups after PCV introduction. 11 Reductions in vaccine-type carriage occurred contemporaneously with reduc tions in vaccine-type invasive pneumococcal disease, supporting the usefulness of carriage as an alternative for disease surveillance to show the population effects of PCV. Data are from all four years combined. PCV10-vaccinated=received one or more doses of PCV10 vaccine. *Density reported in log 10 genome equivalents per mL. †Coefficient is the difference in medians as determined by quantile regression, adjusted for upper respiratory tract infection symptoms, poverty, and two or more children younger than 5 years in the household. In this study, we found evidence of indirect effects in caregivers, but only in iTaukei individuals, probably due to the low baseline carriage of PCV10 serotypes in FID individuals. Similarly, a non-significant decline in PCV13 serotype carriage was reported in adult Native Americans, 32 which was attributed to a low baseline carriage (2%).
Number of carriers
Pneumococcal carriage rates are consistently higher in iTaukei than in FID individuals, as observed in this study and in previous studies. 21, 33 After PCV10 introduction, carriage of PCV10 serotypes declined in both ethnic groups. However, serotype replacement in carriage occurred in iTaukei children and infants only, possibly because of higher baseline carriage of non-PCV10 serotypes. Invasive pneumococcal disease surveillance is ongoing, because serotype replacement in carriage might become more prominent and lead to serotype replace ment in disease. Generally, PCV use decreases-but does not eliminate-disparity in invasive pneumococcal disease rates among different ethnic populations living in the same area. 34 In many settings, serotype 19A was the primary replacement serotype after PCV7 introduction and was associated with increases in invasive pneumococcal disease. 35 In Fiji, carriage of 19A increased in young children. However, this increase was small and similar in magnitude to several other non-PCV10 serotypes. In the PCV10 studies in Brazil 13 and Iceland, 14 carriage of 19A did not change after PCV10 introduction. In Kenya, 5 years after PCV10 introduction, 19A carriage prevalence had increased among children younger than 5 years. 36 Consistent with other studies, [12] [13] [14] 30 we saw no difference in carriage of 6A indicative of a cross-protective effect of PCV10.
The laboratory methods used in this study enabled quantitative detection of multiple serotypes within the same sample, a common occurrence in Fiji. Future studies might consider if and how multiple serotype carriage influences vaccine effect, and how results compare with those obtained with traditional methods.
The density of both PCV10 and non-PCV10 serotypes was lower in vaccinated children than in unvaccinated children, although we had hypothesised that vaccination would primarily affect PCV10 serotypes. Because most samples from unvaccinated children were from the early PCV10 introduction period (2012-13), and samples from vaccinated children from the later PCV10 period (2014-15), differences in density might be due to fluctuations in other unmeasured confounders rather than related to PCV10. In a study 37 done with semi-quantitative methods, Dagan and colleagues found no difference in the density of the six additional serotypes included in PCV13 when comparing densities in children who received PCV7 with those in children vaccinated with PCV13.
In settings such as Fiji, carriage surveys are a practical way of assessing the effect of PCV introduction. A reduction in vaccine serotype carriage in the community is likely to translate to a reduction in vaccine-type pneumococcal disease. A limitation of any observational study on this topic is that it is difficult to distinguish vaccine effects from secular trends. Pneumococcal carriage prevalence in 2014 was low across all age groups, despite each annual survey being done with the same study methods and procedures. The decline in PCV10 serotypes might be associated with high vaccine coverage. However, this does not explain the decline in non-PCV10 serotypes, which might be related to unknown, and unmeasured, confounders. In 2015, a local influenza outbreak 38 coincided with the carriage survey, which might have affected pneumococcal carriage that year. Such examples highlight the complexity of trend analyses. We did one carriage survey before PCV10 introduction, whereas multiple years of pre-PCV data would provide a more robust baseline.
PCV10 coverage in study participants was very high and, although consistent with national coverage rates (89% for the third dose of PCV10 in 2015), it might not be representative of remote areas of Fiji. 39 Study participants could belong to the same household, but our analyses did not account for this lack of independence. Older children and adolescents were not surveyed and might represent a reservoir for vaccine-serotype carriage after PCV introduction. 40 In conclusion, we have shown that the carriage of PCV10 serotypes in both vaccinated and unvaccinated individuals declined after PCV10 introduction in Fiji. Importantly, indirect effects were observed in infants too young to be vaccinated as well as older age groups who did not receive the vaccine. Serotype replacement in carriage was beginning to emerge 3 years after PCV10 introduction and occurred solely in iTaukei children. We found no effect of PCV10 introduction on carriage of H influenzae. Monitoring of changes in pneumococcal carriage continues to be a valuable way to identify population effects after PCV10 introduction.
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